The Malomuzh-Orlov theory is used to analyze the experimental shear viscosity data obtained for aqueous solutions of human serum albumin (HSA) at pH = 7.0 in wide temperature and concentration intervals, which allowed the effective radii of HSA macromolecules to be calculated. It is shown that three intervals of the effective molecular radius of HSA with different behaviors can be distinguished in a temperature interval of 278-318 K: 1) below the crossover concentration, the effective molecular radius of HSA remains constant; 2) in the interval from the crossover concentration to about 10 wt%, the effective molecular radius of HSA in the aqueous solution nonlinearly decreases; and 3) at concentrations of 10.2-23.8 wt%, the effective radius of HSA macromolecules linearly decreases, as the concentration grows. The assumption is made that the properties of water molecules in the solution bulk play a crucial role in the dynamics of HSA macromolecules at the vital concentrations of HSA in the solutions. The role of water near the surface of HSA macromolecules and the corresponding changes of its physical properties have been discussed. K e y w o r d s: human serum albumin, aqueous solution, effective macromolecular radius, Malomuzh-Orlov theory.
Introduction
Albumins comprise about 2/3 of the total human blood plasma proteins. They have the smallest molecular weight among the blood plasma proteins (about 69000 Da) and insert the largest contribution to the colloid-osmotic blood pressure (75-80%) [1, 2] . The concentration of albumins in human blood serum amounts to 35-50 g/l [3] . Albumin has remarkable properties with respect to water. In particular, 1 g of albumin is capable of binding 18 ml of water [2] . Albumins participate in the transport of fatty acids, hormones, bilirubin, and medical drugs [1] .
Human serum albumin (HSA) consists of 585 amino acid residues, which are combined into a single macromolecular chain with three -helical domains [4] . In the crystalline state, a human serum albumin macromolecule is coiled into a compact conformation of a regular triangular heart-like prism with sides of about 80Å and a height of about 30Å [5] . The structure of an albumin macromolecule significantly c ○ O.V. KHOROLSKYI, 2019 changes in an aqueous solution owing to the thermal motion of water molecules and conformational changes in the macromolecular links.
One should expect that the structure and dynamics of a molecule of human serum albumin depend on the concentration, temperature, and pH of its aqueous solutions. It is worth noting that the blood pH is a rigid constant of the human body and varies within an interval of 7.36-7.44. The pH deviations modify the electrochemical properties of proteins and induce general metabolic disorders. The pH values exceeding the normal one by 0.4-0.5 invoke irreversible changes of homeostasis that are incompatible with life [1] .
There is a large body of theoretical (see, e.g., works [6, 7] ) and experimental (see, e.g., works [7] [8] [9] [10] [11] ) researches dealing with the structure of the HSA molecule in aqueous solutions. However, a common picture of the relation between the structure of albumin macromolecule and the pH, concentration, and temperature of aqueous HSA solutions, as well as the presence of impurities in them, remains still absent. Moreover, the specific features in the dynam-ics of water molecules near the surface of HSA macromolecule remain unclear. In particular, how many water molecules near the macromolecule surface are involved into the viscous flow process? Such issues require further systematic researches, and this work is one of them.
Experimental Part
Experimental data on the shear viscosity of aqueous HSA solutions in a temperature interval of 278-318 K, a concentration interval of 0.82-36.9 wt%, and at a constant pH value of 7.0 were taken from work [12] . Measurements in work [12] were carried out, by using the capillary viscometry method. The relative error did not exceed 2%.
Theoretical Part
Nowadays, the simulation of the shear viscosity in macromolecular solutions is connected with the application of cell models [13] . The latter take into account that the perturbation of hydrodynamic flows by particles in the solution is mainly localized in a spherical cell surrounding the particle. It is also assumed that the normal component of the perturbation velocity and the tangential component of the strain equal zero, which means the absence of friction at the external cell surface [13] . In particular, it was shown in works [13, 14] that the viscosity of dilute macromolecular solutions satisfies the Malomuzh-Orlov formulā
where¯is the average viscosity of the solution, 0 the solvent viscosity, = ( 0 / ) 3 , 0 is the radius of a macromolecule, and the cell radius. Thus, the problem of determining the average viscosity in a polymer solution is reduced to finding a relation between the model parameter = ( 0 / ) 3 and the specific volume = 0 / , where 0 is the total volume occupying by macromolecules, and the total volume of the system. The parameter can be measured experimentally and means the bulk concentration of macromolecules in the solution. The Malomuzh-Orlov formula makes it possible to describe the behavior of the viscosity of dilute macromolecular solutions in the interval of bulk particle concentrations 0.5. In effect, the upper limit coincides with the solution concentration, at which all macromolecules in the solution are in contact with one another [13, 14] .
For the Malomuzh-Orlov formula to be useful, it is necessary to change from the mass solution fraction to the bulk macromolecular concentration , which are connected by the relation
where is the radius of a macromolecular coil, the solution density, A the Avogadro constant, and the average molecular mass of the macromolecular compound.
In order to determine the effective radius of a macromolecule, we use the following algorithm [15] :
1) according to Eq. (2), the effective radius of the macromolecule is determined by the formula
2) eff is the effective concentration of macromolecules in the solution bulk; this value is reached, when the shear viscosity of the solution sol is equal to the quantity MO [ eff ] obtained from the MalomuzhOrlov formula,
Note that eff differs from the bulk concentration of macromolecules, , calculated by formula (2). The experimental data were analyzed, by using the indicated algorithm and the Malomuzh-Orlov formula. The concentration dependences of the effective radii of HSA macromolecules were determined at the points along the aqueous HSA solution isotherms.
In the theory of dilute solutions of macromolecular compounds, the characteristic viscosity is used as a criterion for estimating the concentration mode of the solution:
where is the viscosity of the macromolecular compound solution, 0 the solvent viscosity, and the mass fraction of the solute in the solution. The solution is called dilute, if the volume occupied by the macromolecules is much smaller than the total solution volume. As the concentration of the macromolecular compound increases, the solution structure changes from isolated macromolecules to aggregates and, when the critical concentration * of macromolecules, i.e. the beginning of the so-called crossover region, is reached, to a intermolecular network of links. The critical crossover concentration * can be determined experimentally by the viscometric method [16] :
The calculation of the crossover concentration for aqueous HSA solutions in the whole temperature interval gave the average value * = 3.7 wt%.
Discussion of the Results Obtained
An analysis of the results obtained making use of the Malomuzh-Orlov algorithm testifies to a complicated temperature and concentration dependence of the effective radii of albumin macromolecules. In this dependence, three regions can be conditionally distinguished (Fig. 1) . Up to and inclusive the crossover concentration * = 3.7 wt%, which determines the transition from dilute solutions to semidilute ones and which was calculated from the characteristic viscosity by formulas (5) and (6), the effective radii of albumin molecules remain invariant and equal to 44Å within the whole temperature interval. A similar situation was described by us earlier in work [15] for the effective radii of polyvinyl alcohol (PVA) macromolecules in dilute aqueous solutions. In particular, a "plateau" of effective macromolecular radii was observed in the region of relatively low temperatures and concentrations, where the effective radii remained constant.
At concentrations of 4.65-9.45 wt%, the effective radii of albumin molecules in an aqueous solution diminish nonlinearly to values of about 42Å. In a concentration interval of 10.2-23.8 wt% (the upper limit of this interval, corresponding to ≈ 0.47, is the applicability limit of the Malomuzh-Orlov formula), the effective radii of albumin macromolecules decrease linearly with the concentration growth, with the slope angles of the decreasing dependences being weakly dependent on the temperature (Fig. 2 ).
An analysis of the data exhibited in Fig. 2 showed that the effective radius of an albumin macromolecule at concentrations of 0.82-3.65 wt% and 10.2- Hence, the effective radius of a human serum albumin macromolecule in the aqueous solution turns out much more sensitive to the changes in the protein concentration than to the changes of the solution temperature. From the viewpoint of the human body biochemistry, it is a deviation of the protein concentration in blood plasma from the normal value (homeostasis) that can result in the emergence of pathological states and diseases [1] [2] [3] . In Fig. 3 , the temperature dependences of the HSA concentration plotted for various constant radii of an albumin macromolecule, = ( )| =const , are depicted. These are characteristic curves that make it possible to detect changes in the size of an albumin macromolecule associated with the water properties in the solution bulk and near the macromolecule surface. It was shown earlier in work [15] that the characteristic curves for aqueous PVA solutions can be approximated by two straight lines with different slopes and intersecting each other at a temperature of (315 ± 2) K. A conclusion was drawn that this is a temperature, at which the microscopic properties of the liquid system PVA-water change, and these changes are induced by changes in the properties of the solvent, i.e. water. As was shown in work [17] , water undergoes a dynamic phase transition at a temperature of 317 K (42 ∘ C), at which the character of the thermal motion of water molecules significantly changes, and a redistribution of hydrogen bonds takes place. Figure 3 , a exhibits the characteristic curve = = ( )| =const corresponding to eff = (42.53 ± ± 0.05)Å in a concentration interval of 7.0-10.0 wt%. This curve has two local minima at the temperatures min 1 = (25 ± 1) ∘ C and min 2 = (41 ± 1) ∘ C, as well as one local maximum at the temperature max = = (30 ± 1) ∘ C. Note that the temperature interval between the local minima is an interval within which the living matter (more precisely, warm-blooded organisms) exists [18] . Figure 3 , b demonstrates the characteristic curve = ( )| =const corresponding to eff = (40.35 ± ± 0.05)Å in a concentration interval of 14.5-16.0 wt%. As one can see, the indicated extrema disappear in this concentration interval. Let us try to interpret such a behavior.
In a concentration interval of 14.5-16.0 wt%, the role of water molecules located near the surface of albumin macromolecules increases [19] . Simultaneously, the disappearance of the extrema in the characteristic curve is observed. We may assume that this fact testifies to a change in the physical properties of water near the surface of an albumin macromolecule. Experimental studies of the aqueous solutions of biopolymers by the NMR method may be a certain evidence in favor of this assumption.
In particular, it was shown that a signal from "unfrozen" water is registered from aqueous solutions of biopolymer molecules frozen down to −35 ∘ C, and the magnitude of this signal is proportional to the concentration of macromolecules [20, 21] . The cited authors concluded that 1) "unfrozen" water is in direct contact with the biopolymer macromolecule, and 2) "unfrozen" water is less mobile than in the water bulk [21] . The energy of interaction between a water molecule with the surface of a protein macromolecule is estimated as an energy required to break approximately one hydrogen bond [21] . But every water molecule can form four hydrogen bonds with neighbor molecules. In the bulk, it is linked with neighbor molecules by about three hydrogen bonds [22, 23] . Therefore, in our opinion, it is incorrect to say about radical changes in the properties of water near the surface of an albumin macromolecule. Instead, we should consider a certain modification of water properties. This issue is to be considered in a separate article.
Conclusions
In this work, experimental data on the temperature and concentration dependences of the shear viscosity in aqueous solutions of human serum albumin are analyzed making use of the Malomuzh-Orlov formula. The latter allows the shear viscosity of the solutions of macromolecular coils to be modeled up to bulk concentrations = 0.45 and the effective radii of macromolecules to be calculated.
The dependence of the effective radii of the human serum albumin macromolecules as a function of both the temperature (within an interval of 278-318 K) and the concentration (within an interval of 0.82-23.8 wt%) at a constant pH value of 7.0 is plotted. It is shown that three concentration intervals can be distinguished in the examined temperature range, in which the behavior of the effective radius of HSA molecules changes.
1. At concentrations of 0.82-3.65 wt%, the effective radii of HSA molecules remain unchanged.
2. At concentrations of 4.67-9.45 wt%, the effective radii of albumin in its aqueous solution nonlinearly decrease.
3. At concentrations of 10.2-23.8 wt%, the effective radii of albumin macromolecules linearly decrease, as the concentration grows, with the slope of the decreasing dependences being weakly dependent on the temperature.
An assumption was made that, at vital concentrations of human serum albumin, the properties of water molecules located in the solution bulk play a crucial role in the macromolecular dynamics. As the HSA concentration increases, the physical properties of water located near the surface of albumin macromolecules undergo certain modifications, and its role changes.
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